Abstract. Osteosarcoma (OS) is a malignant disease with a high mortality rate and poor response to current chemotherapy. Melanoma differentiation associated gene-7 (Mda7)/interleukin (IL)-24 has been demonstrated to suppress the growth of OS. However, the expression level of Mda7/IL-24 mediated by the current adenoviral vector is limited for effective clinical treatment of OS. In order to solve this issue, an oncolytic adenovirus was employed to express IL-24 (OA-IL-24) in OS cells. Quantitative polymerase chain reaction, immunoblot and ELISA assays verified that OA-IL-24 expressed IL-24 at a higher level than the replication-deficient adenoviral vector, Ad-IL24. OA-IL-24 infection led to decreased cell viability and increased apoptosis of OS cells, compared with Ad-IL-24. Animal studies further confirmed the increased anti-tumor activity of OA-IL-24. Notably, OA-IL-24 was also found to sensitize OS cells to doxorubicin. OA-IL-24-induced multiple drug resistance reversion was associated with reduced expression of Pgp and BCRP1, as well as minimized autophagy. Furthermore, restoring Pgp and BCRP1 expression as well as autophagy, was able to rescue the effect of IL-24 on the cytotoxicity of doxorubicin to OS. In conclusion, a method for inducing a high expression of IL-24 in OS was provided. In addition, IL-24 was demonstrated to increase the sensitivity of OS to doxorubicin.
Introduction
Osteosarcoma (OS) is one of the most common types of malignancy with a poor prognosis (1) . The altered expression of oncogenes or tumor suppressors has an important role in the progression, invasion and metastasis of OS (1) . Therefore, gene therapy is a promising strategy for the treatment of OS (2) .
Melanoma differentiation-associated gene 7 (mda7)/interleukin (IL)-24 belongs to the IL-10 cytokine family and induces apoptosis in various types of cancer by binding to two heterodimeric receptors, IL-20R1 and IL-22R1 (3) . The expression of IL-20R1 and IL-22R1 in cancer cells ensures the fact that IL-24 may be used as an effective anti-tumor agent in future clinical cancer therapy (4) . In fact, IL-24 has been demonstrated to exert anti-tumor activity in certain types of cancer, including hepatocellular carcinoma (5) and lung cancer (6) . Notably, adenovirus-mediated IL-24 delivery has been demonstrated to suppress the growth of OS (7) . However, the efficacy of IL-24 is relatively limited in OS, since the expression level of IL-24 cannot meet clinical demands.
Unlike the current nonreplicative adenoviral vector, oncolytic adenoviruses are able to proliferate selectively in cancer cells, due to the action of their tumor-specific promoter. It is worth noting that oncolytic adenoviruses have no significant cytotoxicity to normal tissues. The effect of these oncolytic adenoviruses has been verified in various types of cancer in vitro and in vivo (8) . Of note, oncolytic adenoviruses can also be used for gene therapy by delivering a tumor suppressor into cancer cells. During the replication of vectors, the copies of carried genes are also increased, allowing a higher expression level of inserted therapeutic genes.
In the present study, a recombinant oncolytic adenovirus for inducing a high expression of IL-24 (OA-IL-24) was generated. The inhibitory effect of OA-IL-24 on the growth of osteosarcoma was investigated in the current study, in addition to its influence on the sensitivity of OS cells to doxorubicin.
Materials and methods
Cell lines and culture. The human OS cell line, U2OS, was purchased from the American Type Culture Collection Primary culture. In the present study, primary OS cells were used to assess the efficiency of adenoviral vectors, Ad-IL-24 and OA-IL-24. Primary OS cells were obtained with written informed consent from patients following the previously described procedures (9) approved by the Ethics Committee of Jilin University (Changchun, China). Briefly, fresh OS samples were obtained from OS patients during surgery and then were directly placed in media with 20% FBS, minced with sterile scissors and digested for 1 h. Subsequently, the separated cells were centrifuged at 320 x g for 10 min and then were suspended in media containing 20% FBS according to routine procedures (9) .
Adenoviruses, chemicals and plasmids. Two replication-deficient adenoviruses, Ad-enhanced green fluorescent protein (EGFP) and Ad-IL24, were kindly provided by Dr Jing Xu (The First People's Hospital of Yunnan Province, Kunming, China). OA-EGFP and OA-IL-24 were produced as described below. A plasmid containing human telomerase reverse transcriptase promoter-regulated mutant E1A and a cytomegalovirus promoter-regulated expression cassette was also generously provided by Dr. Xu. EGFP and IL-24 genes were inserted into the cassette at NotI and XhoI sites. The two recombinant plasmids were then transduced into the BJ5183 E. coli strain together with pAd Easy-1, which encodes adenoviral genomic sequences, for subsequent homogenous recombination. The recombinant vectors were then transfected into HEK-293 cells following PacI digestion. The produced adenoviruses were termed OA-EGFP and OA-IL-24. The construction of adenoviral vectors used in the present study is depicted in Fig. 1A . These adenoviruses were then purified using a CsCl gradient ultracentrifugation method. The titers of the adenoviruses were determined using a tissue culture infectious dose 50 assay. Doxorubicin and chloroquine were purchased from Sigma-Aldrich (St. Louis, MO, USA). The plasmids used in the present study, pcDNA3. Cell proliferation assay. U2OS (5x10 3 per well) and primary OS cells were plated in 96-well plates. Overnight, the indicated adenoviruses or doxorubicin were added into each well. At the indicated time points, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; 1 mg/ml) was added to the cultures. After 4 h incubation, the media were removed and dimethyl sulfoxide was added into each well. Detection of cell apoptosis. The rates of apoptotic cells were determined by flow cytometric analysis of the sub-G 0 / G 1 population. Cells were fixed in cold 70% ethanol for 1 h and then incubated with 10 mg/ml RNase A at 37˚C for another 1 h. The cells were stained with propidium iodide (PI; 200 mg/ml), followed by flow cytometric analysis of the sub-G 0 /G 1 population (Aria II; BD Biosciences, San Jose, CA, USA). A total of 1x10 5 cells were counted for each sample.
Immunoblot assay. The protein was extracted from cells with M-PER ® Mammalian Protein Extraction Reagent (Thermo Fisher Scientific, Rockford, IL, USA). Immunoblot analysis was performed according to routine protocols (10) . Briefly, the isolated proteins were separated by polyacrylamide gel electrophoresis and then transferred onto 0.45 µm nitrocellulose membranes. The membranes were blocked with 5% fat-free dry milk in phosphate-buffered saline (PBS) and incubated with primary antibodies. Overnight, the membrane was incubated with corresponding secondary antibodies and visualized with SuperSignal West Dura Extended Duration Substrate (Thermo Fisher Scientific). All primary antibodies (excluding anti-IL-24) were purchased from Cell Signaling Technology, Inc. (Beverly, MA, USA). The Cell Signaling Technology antibodies (1:1,000) used were as follows: Monoclonal rabbit anti-human cleaved poly (ADP-ribose) polymerase (#5625), monoclonal rabbit anti-human cleaved caspase-3 (#9664); polyclonal rabbit anti-human β-tubulin (#2146); monoclonal rabbit anti-human LC3B (#3868); monoclonal mouse anti-human Pgp (#5640); polyclonal rabbit anti-human BCRP1 (#4477); monoclonal rabbit anti-human MRP1 (#14685). The signal intensity was measured using a chemiluminescent detection system (Pierce Biotechnology Inc.).
Animal experiment. The procedures for animal experiments were approved by the Committee on the Use and Care of Animals (Jilin University, Changchun, China). U2OS tumor xenografts were established by subcutaneously injecting 5x10 6 cells into the left flanks of 4-6-week-old BALB/c nude mice (n=30; Shanghai Institutes for Biological Sciences, Shanghai, China). When tumors reached between 7 and 10 mm in diameter, 30 mice were randomly divided into five groups (PBS; n=6; Ad-EGFP, n=6; Ad-IL-24, n=6; OA-EGFP, n=6; OA-IL-24, n=6). The established tumors were intratumorally administered with 100 µl PBS alone or with 1x10 9 pfu of Ad-EGFP, Ad-IL-24, OA-EGFP and OA-IL-24. The diameters of tumors were measured with calipers and the tumor volume was calculated using the following formula: Tumor volume (mm 3 ) = maximal length (mm) x (perpendicular width (mm)) 2 / 2. During the experiments, no mice died from tumor loading.
Histological staining and apoptosis detection in tumor xenografts. One animal was randomly selected from each group for histological staining of IL-24 or apoptosis detection assays, 7 days after administration. Their tumors were harvested and fixed with formalin. Histological staining was performed on formalin-fixed, paraffin-embedded tissue sections using the streptavidin biotin peroxidase complex method. Goat polyclonal anti-human IL-24 antibody (1:100; sc-8704; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) was used to stain IL-24 protein in tumors. The sections were counterstained with hematoxylin. Apoptosis detection was performed using a TUNEL Apoptosis Detection kit (Millipore, Boston, MA, USA) according to the manufacturer's instructions.
Statistical analysis. All statistical tests in the present study were two-tailed Student's test. SPSS software, version 19.0 (IBM SPSS, Armonk, NY, USA) was used for analysis. P<0.05 was considered to indicate a statistically significant difference.
Results

OA-IL-24 leads to a higher expression of IL-24 compared with Ad-IL-24 in OS cells.
A recombinant oncolytic adenovirus expressing IL-24 (OA-IL-24) was generated and a recombinant proliferation-deficient vector containing IL-24, Ad-IL-24, as well as OA-EGFP and Ad-IL-24, were used as controls (Fig. 1A) .
Initially, the expression level of IL-24 was compared in U2OS OS cell lines and primary OS cells between different adenoviral vectors. The immunoblot assay indicated that OA-IL-24 expressed higher levels of IL-24 in these two cells compared with Ad-IL-24 (Fig. 1B) . The analysis of mRNA expression levels also confirmed the advanced expression capacity of oncolytic adenovirus for IL-24 expression (Fig. 1C) . Consistently, ELISA assays revealed that the quantity of IL-24 secreted into media was significantly The above data suggested that the oncolytic adenovirus induces a higher expression of IL-24 compared with the replication-deficient adenovirus.
OA-IL-24 suppresses the proliferation and induces apoptosis to a greater extent compared with Ad-IL-24.
Given that OA-IL-24 expresses a higher level of IL-24 than Ad-IL-24, the ability to suppress cell proliferation and induce apoptosis was subsequently compared between the two adenoviral vectors. MTT assays revealed that Ad-IL-24 reduced the proliferation of U2OS and primary OS cells by 40-50%, while OA-IL-24 was able to suppress their proliferation by ~90% (Fig. 2A) . Furthermore, flow cytometric analysis of the sub-G 0 /G 1 population indicated that OA-IL-24 infection led to a higher percentage of apoptotic cells in U2OS and primary OS cells compared with Ad-IL-24 (Fig. 2B) . This effect was also confirmed by immunoblot assays, which demonstrated that the expression level of cleaved caspase-3 and poly (ADP-ribose) polymerase was higher in OA-IL-24-treated cells than Ad-IL-24-treated ones (Fig. 2C) .
The above data demonstrated that OA-IL-24 exhibited a higher ability to suppress proliferation and induce apoptosis in OS cells than Ad-IL-24. (Fig. 3A) . Histological staining revealed that OA-IL-24 led to a higher expression of human IL-24 in tumor xenografts in mice, than Ad-IL-24 (Fig. 3B) . Accordingly, apoptotic rates were found to be significantly increased in tumors injected with OA-IL-24, compared with Ad-IL-24 (Fig. 3C) . The above data demonstrated that OA-IL-24 was able to express higher levels of IL-24 and induce apoptosis to a greater extent than Ad-IL-24 in vivo. These advantages allowed OA-IL-24 to suppress tumor growth more potently.
OA-IL-24 reverses multiple drug resistance (MDR) of OS cells more efficiently than Ad-IL-24
. IL-24 was reported to reverse multiple drug resistance (MDR) of colon cancer cells (11) , thus the present study aimed to determine whether IL-24 can also affect the MDR of OS cells. MTT assays were used to detect the viability of cells treated with doxorubicin and indicated adenoviral vectors. The results revealed that the proliferation rates of U2OS and primary OS cells, which were infected with OA-IL-24 or Ad-IL-24, were further reduced when doxorubicin was added ( Fig. 4A and B) , indicating that IL-24 was able to increase the sensitivity of U2OS and primary OS cells to doxorubicin.
OA-IL-24 and Ad-IL-24 suppresses the expression of Pgp and BCRP1 and autophagy in OS cells.
Subsequently, the present study aimed to examine the mechanism by which OA-IL-24 and Ad-IL-24 enhanced the bioactivity of doxorubicin. Pgp, BCRP1 and multidrug resistance protein 1 (MRP1) are well-known MDR-associated proteins. Therefore, their expression levels in OS cells infected with OA-IL-24 or Ad-IL-24 were investigated. The data indicated that IL-24 reduced the expression of Pgp and BCRP1, but not MRP1, in U2OS and primary OS cells (Fig. 5A) . The inhibitory effect of OA-IL-24 on the expression of these two proteins appeared to be higher than Ad-IL-24 (Fig. 5A) .
By contrast, autophagy has been reported to contribute to the resistance of OS cells to doxorubicin (12) . Thus, immunoblot assays were employed to detect the expression levels of microtubule-associated protein 1A/1B-light chain 3 form 2 (LC3-II), which indicated the onset of autophagy, in order to evaluate the effect of IL-24 expression on doxorubicin-induced autophagy. The results demonstrated that IL-24 was able to suppress the expression of LC3-II induced by doxorubicin (Fig. 5B ) in the two cell lines. Consistent with their effects on MDR-related proteins, OA-IL-24 was able to suppress autophagy more potently than Ad-IL-24.
The above data demonstrated that OA-IL-24 can reduce the expression of Pgp and BCRP1, as well as the induction of autophagy, more potently than Ad-IL-24. 
IL-24 suppression of MDR-associated proteins and autophagy is required for its effect on the cytotoxicity of doxorubicin.
To confirm the role of Pgp and BCRP1 as well as autophagy on the effects of IL-24 on the cytotoxicity of doxorubicin, the expression of these two proteins and autophagy in U2OS cells were restored. Since the aim of the present study was to examine the importance of Pgp, BCRP1 and autophagy on the effect of IL-24 on the anti-tumor activity of doxorubicin, OA-IL-24 was used to overexpress IL-24 in U2OS cells. pcDNA-3.1-Pgp and pcDNA-3.1-BCRP1 were transfected into U2OS cells at the same time, and the expression of Pgp and BCRP1 was found to be highly elevated in the absence and presence of doxorubicin, compared with pDNA-3.1-EGFP-transfected groups (Fig. 6A) . The restoration of Pgp and BCRP1 was able to partially prevent the effect of IL-24 on the cytotoxicity of doxorubicin to U2OS cells (Fig. 6B) .
In addition, chloroquine was used to stimulate autophagy in U2OS cells (Fig. 6C) . The results demonstrated that chloroquine-induced autophagy was able to partially eradicate the effect of IL-24 on the cytotoxicity of doxorubicin (Fig. 6D) .
These data suggested that the suppression of Pgp and BCRP1 as well as autophagy accounted for IL-24-dependent sensitization of OS cells to doxorubicin.
Discussion
IL-24 has been well documented to exhibit anti-tumor activity in various types of cancer (13), including OS (7). The most promising feature of IL-24 is its selective cytotoxicity to cancer cells. IL-24 has no significant effect on the viability of normal cells, although it has been reported to promote the proliferation of dermal cells, which may lead to psoriasis (14) . The outstanding tumor specificity permits IL-24 to be further assessed for its clinical application.
Han et al verified that adenoviral vector-mediated IL-24 expression suppresses the growth of MG-63 OS cells (7) . However, the expression levels of IL-24 by this replication-deficient adenovirus are limited, since the vectors cannot proliferate in tumor cells and thus the copies of IL-24-coding fragments cannot be increased. In order to solve this issue, researchers have developed oncolytic adenoviruses for increasing the expression of the gene of interest. Oncolytic adenoviruses possess the ability to replicate in cancer cells, rather than normal cells, due to the use of a tumor-specific promoter for regulating E1A expression. In fact, oncolytic adenoviruses have been verified to be efficient at expressing a high level of IL-24 in various types of cancer (15) . The present study further demonstrated that oncolytic adenoviruses can also be used for IL-24 expression in OS cells.
MDR compromises the efficacy of chemotherapy in clinical treatment, and therefore, eliminating MDR of cancer cells is urgently required for improving outcomes. IL-24 has been demonstrated to reverse the MDR phenotype of colon cancer (16) , gastric carcinoma (17) and hepatoma (18) , possibly by decreasing the expression of Pgp (16) . Oncolytic adenovirus-mediated IL-24 expression also suppressed the resistance 
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of colon cancer cells to doxorubicin and 5-fluorouracil (11) . The present study further demonstrated that IL-24 was able to reverse the MDR of OS cells by downregulating Pgp and BCRP1. In addition to MDR-related proteins, autophagy can also reduce the cytotoxicity of doxorubicin. Doxorubicin treatment induces the onset of autophagy in U2OS and Saos-2 OS cells. In turn, autophagy minimizes apoptosis in OS cells. Interfering with autophagy by using siRNA or 3-MA was able to eradicate the inhibitory effect of autophagy on apoptosis in these cells (12) . The present study also confirmed that doxorubicin induces autophagy in U2OS cells. Notably, IL-24 was found to inhibit adaptive autophagy and therefore augment the anti-tumor activity of doxorubicin. In accordance with our results, other studies have also observed the inhibitory effect of IL-24 on autophagy in certain types of cancer, including leukemia (19) and prostate carcinoma (20) .
Despite its relatively selective cytotoxicity to tumor cells, IL-24 has also been found to affect the behavior of normal cells. For instance, IL-24 overexpression can promote unlimited proliferation of dermal cells in mice, which may lead to psoriasis (14) . The activation of TNF receptor signaling in keratinocytes is responsible for IL-24-dependent psoriasis-like skin inflammation (21) . A TNF antagonist, Etanercept, can relieve psoriasis by downregulating IL-24 expression (22) . Therefore, novel strategies are required to minimize the effect of IL-24 on normal dermal cells. For example, miRNAs that are enriched in dermal cells can be employed to regulate the expression of IL-24 mediated by adenoviral vectors. A similar strategy has been used for TRAIL expression delivered by recombinant adenoviruses in order to prevent its cytotoxicity to hepatic tissues (23) .
In conclusion, an oncolytic adenovirus was generated to express IL-24 in OS cells and this strategy resulted in a high expression of IL-24. MDR of OS can be reversed by IL-24 and, therefore, OA-IL-24 is worth evaluating further for clinical application to overcome cancer MDR.
